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ixn’KTUs OK mki'mank's on ri sr 

^!Kr^ons ki>h kiukw I'OMiH^irK; 

by i'. CluimlM 

National Aoronautti'N ainl Sikuv AiiinlntNlration 
I t'uis Kosoaroli Oontor 
i'h'volaiut, t>l>to -HKIft 

INntOI>lK' nON 

Omm* (lu* last Iwc’lvo y»’arw t*om|H»silo moi'hanu’M has oontrllnitiMl sl^^ntfi- 
I'anlly tt> llu' ilovrloinuont of ti’st imMluuls lor i*inu|H»sU«'s, ti> tlu' Inlorpro.'a- 
tion t>f tost ri'snlts aiul. thorol>y, to ilu' tioinonso pro|tross iif tlu> wholo oi>m- 
|H>sttos toohiu>lo^:>'. In tl\ts |U|W. slunlfloant Ot>n< rtlnitton of tho throo inujor 
aivas itt oomih>slt«‘ nu'Ohanios (i.‘iMn|H»sito inloroinoohanios. oiun|H»sito inaoro- 
mi'ohanios aiut laintnati' tiu'orv) to tiu' ilt'vt'lopinont of tost ini'tluHis aro tlUis- 
trattni wtth solooti'it «'\ampIos, Vlu' s<'U'Ot«Hl oxaniplos aro Uinltotl t») tlioso 
with whloh tin' author was in'rsonally involxott. Minvov»'r. thoso oxainph's 
oo\«*r oontrtlnitii'ns ovor a tlino span »»t aKuit t»'n yoars aiut oa»i Iv v'i>nsnh’roil 
as iH'lnj; roprosontatlv o »»t tho »’onttMl>ntti>n of ooinix*sllo inoolunlos to tho 
»to\ oUxptnont of ooinpostlt' tost inofhiHls 

l*ho sjH'olfto oxainplos ih'Sx'riU' oontrtlniljons snoh as orltoria for so- 
U'Otlnj: rosin inatrio»'s t\u' iinprov«'it oomiHxsiio stromith, the' 10‘’ iMf-axts 
tonsllo te'st, proooitnn's her oo>Ui|;\irin>: liyl'ruf:; aiut tho oonoe'pt t»f "roefnooit 
iH'iulin^'. ri}',tdili«'s. " riu' pe'rtiiu'nt oom|x>sit«' moohanios i'ipiatii>ns assooiatott 
wttli oaoh oe>ntributiiin an' j;ivt'n aiui an' snppU'inonte'ei bv talnilar ami i>r j'.raph- 
ioal itata which illustrate' tin' si>’,nihe*anoe' iif tho e'ontributii>i\. The' synibi>ls are' 
ile'fine'el whe'u the'V are' first nse'il aiuf are' snnimari/e'il in (In' api’omttx feU- oon- 


ve'lliOiU'e'. 
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COMPOSITE MICHOMECHANICS 

The inip<>tu8 of composite micromechanics in identifyini; constituent pro- 
perties which influence com|x>site strength is illustrated herein usin^ wo 
examples: (1) matrix pro|)erties influencint; cum|X)site transverse tensile, 
compressive and intralaminar shear stren(;ths (ref. 1) and major constituent 
contributors to com|X)site impact resistance (ref. 2). 


Matr*'' Proix*rtlfS Influencini; Comix)stte Transverse Tensile, 
Compressive and Intralaminar Shear Streni^tlis 
Stress-strain curves for hi|;h and low modulus matrix resins are shown 
in fiinires 1(a) aixi (b), resjx'ctively. Also included in Uie fiijures is Oio 
stress-strain curve for a unidirectional comjxjsite tested in Uie transverse 
direction. It can be seen from figure 1 tiiat only the initial portion of the 
matrix stress strain curve is utilized in Uie composite. The notation to be 
used in subsequent discussion is defined in fi^^ure 1. Note Uiat the matrix 
limit strain, is taken to Ih' Uie |xiint at which the matrix stress strain 

curve exhibits a pronounced nonlinearity. 

The governinji micromechanics equations are from reference 1: 
Transverse tensile strengUi (Sf22T^ 


‘f22T ^ ^22T 


SipT 


■f22 


Transverse compressive strenjiUi (Sj22C^ 


( 1 ) 


c — nipC 

®(22C " ^22C ~ ^(22 


V’ n22 

Intralaminar shear strenijUi (Sfj2S^ 


( 2 ) 


®fl2S ^^12 ^fl2 


Vpl2 


(3) 
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Thr uiKlofliu'il ik)(ation in tH]uutlonM (I), (2). amt (3) in aa (oIIowm: 
iloiHttoH tlu* tIuHiry oxivrinu’nt correlation ciH'fftctcnt rcilecting Uu' fahrica- 
tton proccaa; licnotca the void influence; la the matrix-atrain- 
mat;nKication factor: Uu' auhacripta T, C', and S deiK>te tenaion, coin> 
preaaioi\. and ahear, reajH'Ctively; « la the matrix limit atrain ;u» de- 
fined fn>m ftjuire 1; aiul correaix>iHllngly for compreaaion and ahear; 
aikl fifp are the com|H>aite tranaverae aixl ahear nuHlull, rea|vctively. 

There UiC three ‘’f vartahlea with diatlnct |iiiyalcal meaning in 

equationa (1), (2), and (3). These groups can Iv easily IdentifitHl by writing 
equation (1) in the following form: 



where represents the particular fabrication process and de|X'iHls 

only on tJie fabrication process; .j.^) is defined herein as the 

"atrengtli parameter" which depends on the Kwal aiul average comiH>site 
geometry and on Uie elastic projx'rties iif the constituents: and » is the 
matrix limitint: striiin as defined previously. C'orresjH>nding variables in 
equations (2) and (3) c;ui U' grmuHHi in the same fasliion with analogous jiliysi- 
cal interpretations. 

The matrix variables influencing enter tJmnqd) eltJier (K^., 

*■ li22^ * mpT‘ itcoup U'22T deiH'iid (at least not explicitly) 

on the matrix elastic or strengtli pro|vrties. 

The variation of (K>.>., .^.,) and (t5, with matrix nuxlulus for 

I \ Iw 1 *• 

a Thornel-30 ejH'xy comiXKsite with a 0.3 fiU'r voluim' fraction and zero voids 
is shown in figures 2 and 3, resjU'Ctively. .-\s can Iv seen in figures 2 and 3 
the matrix mvKlulus marK»d!y affects t)ie (ransiers*- and shear strength param- 
eters. 
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Thr roMultH In flfUirt’H 2 ;»ik1 3 sun^u'Ht Out trnnsvi'rHO ;»iul Intrahimtiuir 
Mtu'ar 8trongtl\ loHts hIuuiUI U» sonniMvo to matrix nuHluUia. 

rho vui'iatlon of tho trauHvorso Htron»:U\ iwramotor v' .>.>) with 

filH'i* volunu' ratio In shown in fi^uro *t h)r tluvo matrix nuHluli, /oro vouls 
aiui 10 ix'romt uiUls. rho rurvos in tillin' 4 show that tlm transvors«* 
strength paramotor is si'nsttivo to lK>th matrix nuHiuIus aini void oontt'nt. 
Mowt'vor, it is not as sonsittvo to fUn’i* voUimo latto. Thoso ol'sorvations 
also apply to Iho intralaminar shoar stronpth paramotor. 

Tho aU>vt* i*om|X)sito mioromoohanirs rosults piidod tlu' oxiH'rimontal 
invest Ipat ion desertlu'd in reft'rtMU'o 1. rhe i*i>mbiiu'd rosults led to a simple 
criterion for selecting resin matrices for improved ci>mjH>site streniith. 

This criterion as stated in reference 1 is: ”l>t the varU>us simple matrix 
proix'rties. the area under tiu' tuatrlx stress strain curve up to the pn>|H»r- 
tlonal limit strain (initial area) is the Ivst index for assessinj: matrix influ- 
ence on com|H)site streiH;Ui and overall com|H»slte structural lvliavh>r." 

An even simpler version of tins criterii'u is: " riie initial nuniulus of the 
resin stress-strain curve is a >:>HHi index in assessinj: the ct>ntrtlmtion of the 
resin matrix to cominnsite streiM’.tli " I'lie liii'Jier tlie initial nuHiulus the 
higher tlie composite stren^’dh. It is interestim: to note tliat tlie total eloiva- 
tlon-to-f racture of tlie resin does not influence com|xisite stren^rth (ref. l). 


Major Constituent ContriUitors to I'omivsite Impact Kesistance 
The total enerj^y stored in a uniformly stresst'd unidlrectlon comix^sitr 
umier uniaxial tension alone the flN’r directiim is simply 



nir'^fin 


,v 


(4) 


or 



(r>) 
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where U Is the strain energy, f.* is the fracture strain, S is the fracture 
strength, V is the volume, and E is the modulus. The subscript group 
fllT is defined as follows: t refers to unidirectional properties, 11 identify 
outward normal to the plane and stress directions in that order, and T identi- 
fies the sense of the stress. Using composite micromechanics S^llT and 
are expressed in terms of fiber and matrix properties (ref. 2). The 
impact energy density (lED) equals the strain energy divided by the volume. 

The lED ol composites with an ratio greater than 20 is approximated 

by 

lED = » - 


with an approximation error of less than 5 percent. The variables in equa- 
tion (6) are as follows: and kj denote void and fiber volume ratios, 

respectively; represents the in-situ fiber strength efficiency which re- 
flects the fabrication process. The subscript f refers to fiber property. 

The important points to be noted in equation (6) are the quadratic dependence 

2 

of the strain energy density on the fiber strength S|.j, and the fabrication 

2 

process variable For a high impact resistance composite, equation (6) 

imposes the following requirements: a high strength low modulus fiber, 
approximately 100 percent fiber properties translation efficiency, high fiber 
volume ratio, and low void volume ratio. 

The transverse lED is given by 


lED = - 
2 



^mPT 

^v*^/i22 


2 

I ^f22 


(7) 


where the notation has been defined in equations (1) to (3). As was the case 


for equation (1), the important resin property for transverse lED is the 


modulus (E^). 

m 
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The rankitig of UT) of various coniix)8iteH predic ted usintt equations (6) 
and (7) are compart'd with measured data in table 1. As can bt' seen tiu' com* 
parlson Is excellent. 

COMPOSITK MACHOMECTIANICS 

The Impt'tus of composite macromechanics in developini; test metiiods 
for characterizing unidirectional com|K)sltes is Illustrated herein using tiie 
10^ off-axis test mettuxl (ref. 3). A schematic of the test s()ecimen for tiiis 
metIuKi is shown in figure 5. 

The composite macromechanics equations used in developing tJie 10^^ off- 
axis test methoci for intralaminar shear characterization are respt'ctively 
(refer to fig. 6): plain stress transformation 


fll 


• 

cos^8 

sin^d 

- sin2<> 
2 


r ^ 
‘ cxx 

f22 

►= 

sin^O 

cos^t) 

- - sin28 
2 



(12 


-sin28 

• 

sin28 

cos2(^ 


* cxy 


(6) 


or in matrix form 
U(} =lHfl Ue) 

plain stress transformation for uniaxial loading (fig. 6) 

'’m = '’cxx ■'(22 = ■'cxx “(12 = J “cxx “‘"2" 

aiKl Uie two dimensional failure criterion 


(tia) 


(7) 


1 - 


,S 


^fll 

fllT^ 


(S 


^(22 

f22Ty 


- K 


'm 


a 


(22 


(12 


'®niT/\?f22T 



a 


fl2 


f 12Sy 


0 


( 8 ) 


The undefined notation in equations (t>) to (8) is as follows: i denotes strain; 
j denotes stress; 0 is tlie ;uigle bc'tween load or com|iosite axis and mate- 
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rial axis (along fiber) (fig. 6 ); S denotes strength and ^ function 

of the elastic properties of the composite (ref. 4). The subscript f denotes 
material axis property and c denotes composite axis property. The sub- 
script T and S denote tension and shear, respectively. 

The variation of the material-axes strains as a function of load angle Is 
plotted In figure 7 for a Mod-I/e|X)xy unidirectional composite. As can be 
observed in this figure, Uie material-axes shear strain (intralaminar shear 
strain e ^ ^ 2 ) maximum at about a 10 ° load orientation angle and appears to 
be insensitive to small errors about this angle. These are significant results 
that led to the recommendation of the 10 ° off -axis tensile test specimen to 
measure the intralaminar shear modulus and fracture shear stress. Other 
composites, for example, approach their peaks at about 11° for T-300/epoxy 
(PR288) and 15° for S-glass/eix)xy (PR288). 

The fracture stress of a 10° off-axis specimen (ref. 3) is 343 MPa (49.8 ksi) 
which is equal to in equation (7). The material axes stresses from equa- 
tion (7) are, respectively: 333 MPa (48. 3 ksi); 0^22 “ MPa (1.5 

ksi); and Ojj 2 = 39 MPa (8.5 ksi). The strengths are: = 563 MPa 

(81.7 ksi); S^22T “ ®jC12S ” 

parameter K^j 2 ” from reference 3. Using these numerical values 
in equation ( 8 ) yields: 

1 . [/iMf + /lilf - 1 . 44 '>8- 3X1- 5 ^ 

LV81.7/ V4.0/ ' 81.7x4.0 \7.6/. 

which reduces to 

1 - [0.350 + 0. 141 - 0.319 + 1.25] = -0.421 

Since this value is less than zero, according to the failure criterion, fracture 
has occurred. The important observation to be noted here is that the major 
stress contribution to fracture is from the intralaininar shear stress which 
is the last term in the brackets. The contribution from the longitudinal and 
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transverse stresses (first three terms in the brackets) tend tu cancel each 
other. It Is wortli notini; Uiat the cancellation tendency observed here is not 
exhibited when the relative magnitudes are compared on an individual stress 
basis. The numerical results from the combined-stress failure criterion 
Just discussed lead to the conclusion that fracture of Uie 10^ off-axis tensile 
spi'clmen is initiatiHi by Uie intralaminar shear stress. 

Therefore, the use of comixisite macromechanics hel|M‘d identify Uie two 
important features, |X'ak shear strain and sliear stress, that induced fracture 
at the 10^ plane. These features led to Oie recommendation of the 10*^ off-axis 
tensile test meUiod for intralaminar shear characterization. Com|)arisons of 
intralaminar shear modulus and strenirth as measured usin^t Die 10^ off-axis 
tensile test with literature data are shown in table II (ref. 3). As can be seen 
the data from the 10^ off-axis tensile s|x‘cimen are within the rani:e of the 
literature data- 

LAMINATE THEORY 

Several examples are descrllxul in Uils section in order to illustrate the 
impi'tus of lini'ar laminate Uieory (LLT) or testint; com|X)sites and on inter- 
pretintt composite lx*havior. These examples Include confitturini; hybrid 
composite laminates, lamination residual stresses, laminate warpatte, and 
Uie quasi -isotropic laminate analo^ty for planar randomly reinforced liber 
coni|X)sites. 

Criteria for Confifturing Hybrid Composite Laminates 

The influence of the constituent plies on the .*»ection proixrtics and 
thermal forces of hybrid composite laminates is best illustrated by briefly 
examinmi' Uie ijcneral LLT equations for determininft these projx'rties: 
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[aUci,(d) 



(I,z,z2) (R)'T[rr^{R|dz 


(9) 


{N^}, IM^} 



(1,Z) AT(RlT[ErMor} dZ 


( 10 ) 


The notation in equations (9) and (10) is as follows: [A|, [C], and [D] denote 
membrane, coupling and flexural (bending) stiffness matrices, respectively; 
these matrices are [3x3] for plane problems and [5 x 5j in cases where the 
transverse (through the thickness) shear deformations are taken into account. 
The term Z denotes the laminate thickness coordinate referred to some 
convenient plane; the index i denotes the i^ ply in the stacking sequence 
of the laminate; [R|| denotes the transformation matrix locating the i^ ply 
material axes (parallel to and transverse to the fiber direction) from the 
lamina^? structural axes (coincident with the principal load direction (eq. (6a)); 
[Ej^ denotes the i^ ply strain>stress relations; (N.p) and (My) denote 
the thermal forces and moments; AT^ denotes the difference between ply 
and reference temperature; and { or denotes the ply thermal expansion 
coefficients. 

Referring to equation (9), it is seen that the constituent plies influence 
the hybrid section properties (1) through the ply-strain stress relations [E|^, 

(2) the ply orientation relative to tJie hybrid structural axes [R|^, and (3) tlie 
ply location in the stacking sequence Z^. Laminate configuration concepts 
such as the core/shell hybrid and the sui)er-hybrid are readily deduced from 
equation (9). The ply properties used in equation (9) for interply hybrids are 
obtained either by measurement or by the use of micromechanics. The ply 
properties for intraply hybrids are presently obtained by measurement. 
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The force deformation relatlonshlpH for a com)X)8lte laminate are t;lven 
by 

\ , 1 ^ ^ ^ \ (II) 

The unck'flned notation In eqiutU>n (11) 1m an followH: { N^, ) denotcM force, or 
MtreMM reaulUnt at tlie Mectlon, ( M^. I 1m the correM|Knulln>: moment, 
denoteM the r**ference plane atraliiM, ( ) donotcM the coreMix>ndln»: curvature 
aixl (Ny) and (My) tlu' Uiermal forccM aixl moiVientM, reM|H'ctlvely. 

The LLT equation that haM Ihm : umihi to predict ply MtralnM In lamlnateM 
atxi In hybrid conqxiHlte lamlnateM may Ix' expreMMed In matrix form aM folUm-Mt 
I* »i-lKltlAr* V l\,) + (Nyl *{C\ i (N^, I (12) 

when’ (i denotes Uie MtraiiiM In the 1**' ply. I'he other symlx>lM have 
lu'en defliuxt prevlouMly. Note that the Uu'rmal momentM an’ IncludiHi In ( ) . 

The equation to predict ply stress Is obtained by multlplylni; equation (12) 
with Uu' ply stress-strain relations and accountlitc for Uie free Uu'rmal strains. 
The resulting matrix tx]uatlon may Iv expressed as follows: 

)i - ATjlol.N (13) 

where (o)j deixdes tlie stresses In tJu' i*^' ply of the hybrid, (» l8 
determined from equation (12), aiul the oUier symlxils have tven defined pre- 
viously. 

Kquations (D) to (13) were used to configure Uu’ suix'rhybrid conqxisites 
shown In figure 8 (ref. 5). Urtefly, Uie concept of suiH’rhybrid conuxisites 
Involves Uie strategic location of Uie titanium foil aixl M A] plies to provide 
maximum resistance to transverse and shear forces. A direct way to assess 
wheUier this is achlevixi In siqvrhybrids is to compute the ply stress influence 
ciH’fflclents due to uniaxial membrane aixl Ix'ixiing comixisite stresses. These 
Influence coefficients are computeii using the M T equations (8) to (13). 
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St'Uu’tod reMultM obtained for a tiupt'rhybrld are Mummurl/ed In table 111. 

TheM' rt>aultii are for a |>artli'ular ply ty|H' an it lit firnt encountertKl pro- 
ttrt'MHin^: inward from tlie Murfaee. Note U»at to obtain Uie ply Htre8», the 
Influeiu'e Ci>efflcientM munt Ih' multiplied by the membrane (iHMulini:) HtreHH 
taken with the correct Hi^n. 

Am can Ih' obMervinl fn>m Uu' data in table III, tite titanium foil and B A1 
plieM have lar^^e ply HtreMH Influence CiH'fficientn for uniaxial traiiMverse and 
Mhear comix>Mite HtreMHen. Therefore, Uie titanium foiln and the B A1 in tiie 
MU|H'rhybridM provide practically all Uu* rcMlMtance for traiiMverhe and Mhear 
forceM. TIiIm verlficM Uieir role in the Muperhybrid concept. Note in table 111 
that the ply MtreMM influence coefficientM of the aiilu’Mive are tu*i;ligible for all 
uniaxial comix^Mite MtreMMt'M. Therefore, fracture will occur fiiMt in one of 
the nonaillu'Mlve coiiMtituentM aM deMired in Uu* Mujx'rhybrid concept. 

l.;unlnateM IteMidual StreMMt'M 

The Ll.T equation for predicting; lamiiuition reMidual MtreMMCM in an^leplied 
laminateM 1 m itiven in (ref. 6) 

-ZilHI, l\.l --iT, |.>l|> (N) 

where and 1 ) are obtained from ixiuation (11) wiUi I I » 0. 

Equation (14) in coiijunction with compoMlte micromechaniCM can Ih* uMed to 
predict Uu* effectM of laminate configuration, fiber volume ratio and void 
volume ratio on the ply residual stresses. Ply residual transverse stress for 
two ;uii:leplied laminates from hi^h-nuKlulus ix)lyimide- matrix comiX)site 
system versus fiber volume ratio are plotttni in fi^jure 9. Corresixmdiiq: 
results versus void volume ratio are plotted in figure 10. The plots in fig- 
ure 9 show that Uu* transverse ply stresses are relatively high compared to 
corres^x>nding strengUi and will. Uierefore, cause Uu* tyix* of transply cracks 
shown in figure 11. Also, the laminate configuration and Uu* filx'r volume 
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ratio havt* a iitron»; offtH't on Iho ply roHUiiial MtroHM whIU' Uu* void voluiuo 
ratio has tn'Kllt:lbU' ottoot. 

rhoao roMullM woro oonflrnu'd by tlu» oxivrlim'ntal data irf r»'ft*rtMUf« 7 
ami 8. The roMultit were alno uned to rocomnu'iul laminate eoi\fl»:uratlon8 
for Jet engine eompre»Hor fan bladeH to avoid tranaply eraekn (ref. 8). 

l-aimiute NS arjuge Hue to Thermal Stress 
Unaymmetrle angleplied lamitutes uill uarp when subjected to changes 
In tem^H'rature. Uiisymmetrles caused by ply mlsorientatlon prixluce warpage 
In flat laminates uikmi removal from tiu* mold (ret. 10). A schematic of a 
wurjvd lamliute Is depicted In figure 12. The corner deflection (at jKunt C, 
fig. 12) Is given by 

I ^ 

W(X. >•)■- u + 

y y 


wheiv Uie curvatures -;re determined from l.LT iHiuatton (11) with N^. * M^. » 0. 
Tlie required equation is 

(10) 

T 

where { | = ( ''xx’ '‘vV '‘xyl’ 8>'en by equation (8) 

ami (N.p) and {M|.) are given by the LLF equation (10). Fquatlons (15), 

(10), (10) and (8) can used to determine Uie ix'sslble degree of ply misorlenta- 
tlon In angleplled laminates which warp due to temjH'rature changes. 

This prociHlure was used to determine the jH>ssible ply mlsorientatlon 
in two wai'iH'd lamiiuites: (0., <‘'0|j. and [0^ *151^. (ref. 10). These lami- 
nates were 30.5 cm (12 in.) square plates and were made from Minimor 1 
ejxixy (ref. 10). These laminates warjx'd when they were cooled from cure 
teiiuvraturi' (alxHit 401 K (370" K)) to nxim tenqx'rature (284 K (70‘' F)). 

The corner desplacements mc.isured at ixnnt t'. figure 12. were 0.50 cm 
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(0.22 in.) for the [02/t30|g angleplied laminate and 3.05 cm (1.2 in.) for the 
[02/^45 Ig angleplied laminate. Note that these warpagc corner deflections 
are relatively large when compared to the laminate thickness of 0. 15 cm 
(0.06 in.). Possible ply misorientations which will yield comparable corner 
deflections using equations (9), (10), (16), and (15), were as follows: 

[O2/30. 4/-3O/-3O/3O/O2I and [02/145/^39/02!. As can be seen, the jierturba- 
tions were 0.4° for the [02/±30|g laminate and 6.0° for the [02/i45jg. These 
perturbations arc relatively small and can be caused inadvertently during the 
fabrication process. A large number of other possible combinations of ply 
misorientations exist which will produce comparable corner deflections. 

The important point from the above discussion is that LLT can be used 
effectively to identify problems resulting from the fabrication process. 

Quasi-Isr**ropic Analogy 

Linear laminate theory (LLT) can be used to determine the influence of 
ply misoriertation on the modulus and Poisson's ratio (elastic properties) of 
quasi-isotropic (r 'n) laminates. The elastic properties are determined from 
the array [A], equation (9). The results can tlicn be used to assess the elastic 
benavior of planar randomly reinforced comixjsites (PRRC) because of the 
elastic properties equivalence that exists between quasi-isotropic laminates 
and PRRC (ref. 11). 

The influence of 5° ply misorientations in the 0° plies of ■a/n (n = 3, 4, 

6, and 8) quasi-isotropi': laminates on comix)site modulus is shown in fig- 
ure 13 and for Poisson's ratio In figure 14 (ref. 12). In these figures the 
modulus and Poisson's ratio are plotted versus load angle (between 'o?d and 0° 
ply directions) for all four laminates. As can be seen both modulus and 
Poisson's ratio approach their respective "No Misorientation" straight line 
as n becomes progressively larger. 



The lm|)ortunt I'oiu'luHlon from tho pUilN In fl^'iiroN 13 uiui M in tlial IMfHC' 
would rrquirt' u( lou><t H dlfforont filH'r dIrortionN at any Nortlon throui:li Hm 
lamlmitr thu'knrtiM to aohlovi' iHotroplc olaHtti' iH'havior. 

HtHlut’rd nomllni'. HtpdditioK for Uut'klin^' and Vibration AnalyniH of 
Laminati'N wiUi Couplod HoN|tonHOH 

Tht* bui'klinK ami vibration analystn of coniiHiKitr laminaton having I’lHipU'd 
rmiMuiiM'M such as iH'iHlinf'-st retelling: and or twistiim-strctchini; requiros the 
solution of the nonllin'ar anisotropic plati* equations. Mowevt'r, api>r«)ximatc 
buckllnp, loads amt vibration friHpicncios can 1 h' detennined ustn^ tiu' "roduci'd 
liondlng rigidities" inetluHi. The inetluMl is easily di rivaltle from the 1.1/1' 
equation (11). The details are descrilH'd in ri'ference 13. 

The fjoverninj; *'quation for tlie ri'duced iH'iuliiq; rigidities is niven by 

i'’i,i-ii'i-K'i''iAr'n-i (17) 

where !•>*' array of the "rinluct'd lH<ndtni; rigidities." The otlier 

arrays were defined in equation (1 1). Tlie values «*f the.se arrays are ^iven 
i/i talile IV for a S|H'cific laminate. The tnicklint!: load obtanuHl usinp. the 
"reduciHl iMMulinp rigidities" from tal>le IV in tiu' computational proctHlure 
descrilHsi in refermice 13 is tiS.H kN m (37t) lb in). This value is in very 
(tood uKreement with the measuri'd value t>5.0 kN m (371 lb in) and with that 
from nonlinear finite element analysis b'.l.O kN m (304 lb in). The bucklinp 
load obtained using ortJiotropic plate buckling equations such as those in refer- 
ence 14 is 154 kN m (t>H0 lb in) which is HO-percent higher than the measured 
value. Vibration frequencies are treati'd in a similar fasliion. 

The Inqxirtant conclusion from the al*ov»' discussion is that Ll.T was 
effectively used to obtain a i;o«ul solution to a complex buckling prtiblem and. 
therefore, was essential in Interpreting pro|H>rly the exiH'rimental re.sults. 
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SUMMAHY 

The lm|M'tuH of C{>m|M>»ite inechaiiii’M on tent metluxln and on the pro|M‘r 
interpretation of test results has lH*en reviewed usin^ selected examples. 

The examples Include com|K)slle micromechanics, composite macromeclianics. 
and laminate theory. Tlie examples selected demonstrate the following: 

1. Composite micromechanics was tlie essential ingredient required to 
identify simple tests for identifying resin matrix pro|X'rties Unit contribute 
to improvtxl composite strength aiKl fur idt'ntifylng tiie major constituent con- 
tributors to impact resistance. 

2. Conqx)site macromechanics was necessary in the development of the 
10^’ off-axis tensile test for intralaminar shear characterization. Tliree as- 
|M'cts of com|X)site mechanics that were necessary are: strain transforma- 
tion, stress transformation and combined -stress failure. 

3. l.amiiute theory is es.sential for; cotifiguring hybrios for improved 
impact resistance, for assessing lamination residual stress on laminate 
strength, for identifying |H>ssiblc or inadveiteni ply misorientations, for 
interpreting what may be tiumght to In* low buckling loads of composite plates 
which exhibit coupling and for identifying sensitive tests to **X|X'riment.'lly 
mea.sure the effects of all of these. 

4. ConqH>site mechanics, in general, has contributed significantly to the 
advancement of conqxisite technology through its im^x'tus on the development 
of discriminating test metluxis and through its extensive usage in interpreting 
lest results. 



16 


APPKNDIX - SYMPOl^ 
a plato i'clK'. -x dlnuMiKion 

b plato rdj;r-y dlim*n8loiw 

doj: di'^jrot* 

K iiuhIuIuh 

U slu'ar modulus 

IKP impai't oiuM’tjy dt’iiHlty 

Kjp Coupllni; I’ooffli’iriU, I'ombii od Htri'88 falluro oritt*rion 

kf fibor volunu' ratio 

k^, void ratio 

l,LT linear laminate Uu'ory 

Nj. numlH’r of plies 

n numlH’r of ply an^^les lo yield quasl-isotropie laminate 

Nj jj numlH'r of deLuninated layers 

Sj. unidlreetional eomiK)site (ply) streiqUli 

S* modified S, eq. (17) and (A56) 

PHHC planar randomly reinforeed eom|H)Sitea 

Sp, fiber streni^th 

T tenqx’rature 

AT lenqH'rature differenee between eomjxisite proeessin^ ;md use 

te nqH'ratures 

U enert::>’. strain enerj^’ 

V volume 

w plate lateral displaeement (parallel to z-axis) 

struetural axes eoordinate system 


x.y.z 
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th 

Zj distance to the r" ply from Uie reference plane 

1,2,3 material axes coordinate system 

a thermal coefficient of expansion 

^ correlation coefficients 

void strain magnification on in-situ matrix 

c strain 

t* composite limit fracture strain 

€mp matrix in situ limit strain, cap subscript denotes type 

6 ply angle measured from the structural x-axis to the material 

1-axis 

tp mattix strain-magnification-factor 

ij stress 

Subscripts: 

C compression 

c comix>site 

f fiber property 

i summation index 

L longitudinal 

f undirectional composite (ply) property 

m matrix property 

mp matrix limiting projx?rty 

R residual stress, reduced 

S shear 

T tension, temperature 

x,y,z directions coinciding with structural axes 

1,2, 3 directions coinciding with material axes 
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ARRAYS AND VECTORS 

A Array of composite axial stiffnesses referred to composite 

structural axes 

C Array of composite coupling stiffnesses referred to composite 

structural axes 

D Array of composite bending (flexural) stiffnesses referred to 

composite structural axes 

Dp Reduced bending rigidities 

E Array of strain-stress relations (elastic constants for the i^ ply) 

M Vector of moments or unbalanced thermal moments referred to 

composite structural axes 

N Vector of forces or unbalanced thermal forces referred to com- 

posite structural axes 

Rj Array of transformation coefficients 

Of Vector of thermal coefficients of expansion of the i^" ply 

€ Vector of strains 

Vector of com|X)site strains referred to composite structural 
axes at the reference plane 

Vector of composite local curvatures referred to composite 


structural axes 
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ORiCilNAI. I’AiiK KS 
OF P(K>K OVAMl*Y 



Figure la * tHects o( voiiK on ply tronivers* miduol stress. 
Modmor-l/poiyimide composites, fiber volume retio • O.M. 
Temperature Alter eote • -60(1^ f irel. 61. 



figure 11. - Photomlcraqrjph showing trensply cricks lO/Wlj hlgh-modulus/epoiy. 
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Fiqurr 12, - Schrmjlic deleting corner deflection due to werpdge iref. 10). 



Figure U. • [Ifect of ^ imsorientjtion of pliej 
on the (entile modulus of qu4si*isotro(Hc lem- 
Inales iref. 12). 
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Figure 14, - Iffectof 5® misorientalion of OP plies 
on the f*oisson's ratio of guasi*isotropic lam- 
inates iref. 12). 





